Dust invasion is an important type of particle pollution in China. During 1 to 6 May in 2011, a dust event was observed in the Yangtze River Delta region (YRD). The highest PM 10 (particles up to 10 µ in diameter) concentration reached over 1000 µg m −3 and the visibility was below 3 km. In this study, the Community Multi-scale Air Quality modeling system (CMAQ5.0) coupled with an in-line windblown dust model was used to simulate the formation, spatial and temporal characteristics of this dust event, and analyze its impacts. The threshold friction velocity for loose, finegrained soil with low surface roughness in the dust model was revised based on Chinese data to improve the model performance. This dust storm broke out in Xinjiang and Mongolia during 28 to 30 April and arrived in the YRD region on 1 May. The transported dust particles contributed to the mean surface layer concentrations of PM 10 in the YRD region 78.9 % during 1 to 6 May with their impact weakening from north to south due to the removal of dust particles along the path. The dry deposition, wet deposition and total deposition of PM 10 in the YRD reached 184.7 kt, 172.6 kt and 357.32 kt, respectively. The dust particles also had significant impacts on optical/radiative characteristics by absorption and scattering. In Shanghai, the largest perturbations of aerosol optical depth (AOD) and irradiance were about 0.8 DU and −130 W m −2 , which could obviously influence the radiation balance in this region. The decrease of actinic fluxes impacts future photochemistry. In Shanghai, the negative effects on the NO 2 and O 3 photolysis could be -35 % when dust parti-cles arrived. The concentrations of O 3 and OH were reduced by 1.5 % and 3.1 % in the whole of China, and by 9.4 % and 12.1 % in the YRD region, respectively. Such changes in O 3 and OH levels can affect the future formation of secondary aerosols in the atmosphere by directly determining the oxidation rate of their precursors. The work of this manuscript is meaningful for understanding the dust emissions in China as well as for the application of CMAQ in Asia. It is also helpful for understanding the formation mechanism and impacts of dust pollution in the YRD.
Introduction
Mineral dust is the largest single contributor to particulate matter in the atmosphere (Forster et al., 2007; Rind et al., 2009) . China is one of the regions that is usually affected by dust storms, especially in spring. The dust particles mainly originate from deserts in northern China and Mongolia (Zhang et al., 2003) , which can reach Taiwan, southern China, Korea and even North America (Ault et al., 2011; Fan et al., 2013; Lin et al., 2012; Park et al., 2013) . Suspended dust particles can be transported long distances as carriers and reaction sites of many harmful species, such as fungal spores, microorganisms and anthropogenic pollutants, including NO x , VOC, and Pb Lee et al., 2009) . Some studies have shown that the number of people with lung inflammation or stroke increases significantly during a dust storm episode (Ichinose et al., 2008; Kang et al., 2013) . It can also impact the radiation directly by absorption and scattering (Sokolik et al., 2001; Sun et al., 2012) , and indirectly serve as cloud condensation nuclei (CCN) (Smoydzin et al., 2012; Solomos et al., 2012) . Finally, dust particles can be removed by dry and wet depositions, which can take new nutrients into the surface water and may also result in acidification (Doney et al., 2007; Shi et al., 2012) .
Numerical modeling is a useful method to analyze the characteristics of a dust event. In the recent decade, numerous physical-or empirical-based numerical models have been developed to describe the formation and transport of dust particles (e.g., Han et al., 2004; Wang et al., 2012a; Zender et al., 2003) . They are usually implemented into air quality or climate models and used to analyze the impacts of dust particles on air quality, biogeochemical cycling, climate, and so on (Han et al., 2012; Wang et al., 2010a; Yan et al., 2012) . The Community Multi-scale Air Quality modeling system (CMAQ) developed by the United States Environmental Protection Agency (US EPA) is one of the widely used air quality models (Knipping et al., 2006; Wang et al., 2010c; Wang et al., 2012b) . Wang et al. (2012a) implemented an online dust emission and heterogeneous chemistry module into CMAQ version 4.7. Tong et al. (2011) developed a dust emission model called FENGSHA and used it to estimate the dust emission in the United States. Based on Tong's work, the dust model was coupled with the newest version of CMAQ (CMAQ5.0) and was officially released in February of 2012 (http://www.cmaq-model.org/). Up to now, this model has been used in the US only and its performance in other regions, especially in East Asia, still needs to be evaluated.
The Yangtze River Delta (YRD), located in the eastern part of China, is one of China's most developed and densely populated regions. This region covers 213 340 km 2 , only about 2.22 % of China's territory. However, highly populated metropolitan cities such as Shanghai, Nanjing, Suzhou, and Hangzhou are locate in the YRD. Therefore, it hosts 11.65 % of the national population, produces 21.51 % of China's GDP, consumes 16.57 % of the nation's coal and bears 16.26 % of the total vehicle population in 2010 (National Bureau of Statistics of China, 2011a; 2011b). Previous observations have indicated that long-range transport of dust particles may significantly contribute to the particulate pollution in Shanghai, the largest megacity in this area Fu et al., 2010) . Therefore, it is necessary to quantify the impacts of dust transport on regional air quality in the YRD region.
In this paper, we analyzed a strong dust event observed in the YRD region during 1 to 6 May of 2011 using the CMAQ5.0 with an in-line windblown dust model. In the next section, a detailed description of the model system is presented. Section 3 evaluates the model performance on meteorological conditions and pollutants concentration predictions. A further analysis of this dust event, including the dust emission characteristics, meteorological conditions, dust transport, and effects of dust on deposition and photochemistry, is presented in Sect. 4. Major findings and conclusions are summarized in Sect. 5.
Model description

Simulation domain and episode
One-way triple nesting simulation domains are used in this study, as shown in Fig. 1 . They are based on the Lambert projection with the two true latitudes of 25 • N and 40 • N. Domain 1 covers most of China with a grid resolution of 36 km × 36 km; domain 2 covers the eastern China with a grid resolution of 12 km × 12 km; domain 3 covers the Yangtze River Delta region with a grid resolution of 4 km × 4 km. From 1 May of 2011, an obvious increase of the particulate matter (PM) concentration in the YRD region was observed. The highest PM 10 (particles up to 10 µ in diameter) concentration reached over 1000 µg m −3 and the visibility decreased from above 10 km to below 3 km. The PM 2.5 / PM 10 ratio was only 25 %, which may be affected by the dust storm. Considering the transport of dust, the simulation episode chosen is from 28 April to 6 May in 2011.
CMAQ model configurations and inputs
The Community Multi-scale Air Quality modeling system version 5.0 (CMAQ5.0) with the updated 2005 carbon bond gas-phase mechanism (CB05) and the AERO6 aerosol module was applied in this study, which was officially released in February 2012. CB05 is enhanced by using the updated toluene chemistry (Whitten et al., 2010) , modifying rate constants for N 2 O 5 hydrolysis and adding reactions of xylene and toluene with chlorine radical. For the aerosol module, AERO6 reflects many new features and improvements over AERO5. The enhancements include splitting primary PM 2.5 ((particles up to 2.5 µ in diameter) emissions into 18 species, incorporation of ISORROPIAv2.1 (Fountoukis and Nenes, 2007) , update of primary organic aerosol (POA) aging (Simon and Bhave, 2012), addition of a new in-line windblown dust model (Tong et al., 2011) , and update of secondary organic aerosol (SOA) yield parameterization.
The Weather Research & Forecasting Model (WRF) version 3.3.1 was used to generate the meteorological fields. The first guess fields were obtained from final operational global analysis data of the National Center for Environmental Prediction (NCEP). The Automated Data Processing (ADP) data were used in the analysis of four-dimensional data assimilation (FDDA). The physical options used in the WRF model were Morrison double-moment microphysics scheme (Morrison et al., 2009) , the Rapid Radiative Transfer Model for GCMs (RRTMG) shortwave and longwave radiation scheme (Mlawer and Clough., 1998; Mlawer et al., 1997) , Pleim-Xiu land surface scheme (Xiu and Pleim., 2001) , ACM2 PBL scheme (Pleim, 2007) , and Kain-Fritsch cumulus scheme (Kain., 2004) .
In this study, the anthropogenic emission inventory was developed based on the information provided by , Zhao et al. (2013) , and the Trace-P emissions (Streets et al., 2003) . For the YRD region (including Jiangsu, Zhejiang and Shanghai), the data were mainly from , which is with higher spatial resolution than the emission in Zhao et al and TRACE-P. For other provinces in China outside the YRD, the data were from . For other Asian countries, the TRACE-P data set was used. The biogenic emissions were calculated by the Model of Emissions of Gases and Aerosols from Nature (MEGAN) (Guenther et al., 2006) . The total emissions for major pollutants (not including dust emissions) are listed in Table 1 .
In order to evaluate the performance of the dust model and the impacts of dust emissions, three simulations are conducted in this study: DUST_DEFAULT, DUST_REVISED and DUST_OFF. As shown in Table 2 , here DUST_DEFAULT means the situation where the dust model with officially released parameters is used. It is designed to evaluate the performance of the default dust model for this dust event. For DUST_REVISED, three parameters -friction velocity for loose, fine-grained soil with low surface roughness, and PM 2.5 / PM 10 ratio -are chosen based on Chinese measurement data. In order to analyze the impacts of dust, the third simulation (DUST_OFF) is also con- ducted, which refers to the situation where the dust model is turned off.
The in-line windblown dust model in CMAQ5.0
The dust emissions were generated by the new in-line windblown dust model in CMAQ5.0 (Tong et al., 2011) . The vertical flux F (gm −2 s −1 ) was calculated by the following formula:
where i is the type of erodible lands, including shrub land, shrub grass and barren land; j is the soil types. Different soil types have different fractions of clay, silt and sand; K represents the ratio of vertical flux to horizontal sediment 1242 X. Fu et al.: Source, transport and impacts of a heavy dust event in the Yangtze River Delta, China, in 2011 Table 2 . Scenario design for model simulations.
Run Index Model Configuration Purpose
DUST_DEFAULT The default parameters in the official version were used. Performance evaluation of (e.g., u * ti,j ≈ 0.7 on average and PM 2.5 / PM 10 = 0.2) the default dust model DUST_REVISED The threshold friction velocity for loose, fine-grained soil with low surface Performance evaluation of roughness and PM 2.5 / PM 10 ratio are chosen based on Chinese data the revised version (u * ti,j ≈ 0.3 and PM 2.5 / PM 10 = 0.1) DUST_OFF
The dust model was turned off Analysis of dust impacts (2)
A is the particle supply limitation; ρ is the air density; g is gravitational constant; and S(m 2 ) is the area of dust source, which is based on the MODIS land use data. For the three erodible land types, it assumes that the fraction of erodible lands capable of emitting dust is 0.5, 0.25 and 0.75, respectively; SEP is the soil erodibility factor, which is determined by the following formula:
u * (m s −1 ) is the friction velocity, which directly comes from the output of WRF.
In this equation, u * t is the threshold friction velocity, which controls the intensity and the onset of dust emissions. It is expressed by u * ti.j = u * ti,j × f di,j × f mi,j , considering the effects of surface roughness (f di,j ), soil moisture and snow cover (f mi,j ). u * ti,j is the threshold friction velocity for loose, fine-grained soil with low surface roughness. The default value of u * ti,j is based on the measurement results of dust samples from the Mojave Desert in America (Gillette et al., 1980) ; the average value is 0.7, which is used in the simulation of DUST_DEFAULT. For the simulation DUST_REVISED, the value 0.3 was chosen based on the measurement results of dust samples from the northern desert in China . Besides the different default value, the PM 2.5 / PM 10 ratio for dust emission was chosen as 0.1 (Niu et al., 2003; Wang et al., 2012a) . For other parameters, the default values in the model were used. 
Evaluation of meteorological simulations
The accuracy of the meteorological prediction is the foundation of air quality simulation. Table 3 summarizes the statistical performance of 10 m wind speed and wind direction (WS10 and WD10, respectively), 2 m temperature (T2) and 2 m humidity (H2). Here, the simulated wind direction was calculated based on U-wind speeds (uu) and Vwind speeds (vv). Its range is 0 ≤ wind_direction < 360 degree and it has a unique value. Hourly or every third hour observation data were obtained from the National Climatic Data Center (NCDC) for 1955 stations within domain 1, 787 stations within domain 2 and 90 stations within domain 3. The statistical parameters contain mean observation (Mean OBS), mean simulation (Mean SIM), bias, gross error (GE), root mean square error (RMSE), and the index of agreement (IOA), which are explained in detail in Baker (2004).
The benchmark values are suggested by Emery et al. (2001), which are based on results of many studies in the US. These values are also used as reference standards in this study. As shown in Table 3 , the performance of WS10 is satisfactory. The bias, GE, RMSE and IOA values of all three domains are within the benchmark range. For WD10, while the biases are below 10 degrees, the gross errors are 2 to 21 degrees higher than the benchmark value. The high gross errors may have resulted from a caveat in treating the wind direction vector as a scalar in the calculation method, as described in previous studies (Wang et al., 2010b; Zhang et al., 2006) . The T2 predictions are slightly underestimated, but the IOA values for all three domains are close to one, indicating an acceptable performance. The results for domain 1 (36 km grid) are relatively worse, which mainly result from the poor representation of steep terrains with a coarse grid resolution (Wang et al., 2012a) . For humidity, generally the model can reproduce the observed values. For domain 2 (12 km grid) and domain 3 (4 km grid), all statistical parameters are within the benchmark range. For domain 1 (36 km grid), the bias and GE values are above the benchmark, but the IOA value is a little lower. Because the benchmark values are mostly based on the domains with 4 km or 12 km resolution and the meteorological predictions can be more accurate than that for 36 km, this slight underestimation is acceptable. Because the dust storm formation and transport are affected significantly by wind, we further compare wind speed and wind direction between observations and predictions at the 3 monitoring sites (see Fig. S1 ), which are in the source region, along the transport path and in the downwind region, respectively.
Evaluation of chemical variables
Evaluation of pollutants concentration predictions
Two observational data sets were used for model evaluation of pollutants concentration predictions. The first one was the hourly PM 10 concentration for official monitoring sites in Mainland China obtained from the Ministry Environmental Protection of the People's Republic of China (MEP) (http: //113. 108.142.147:20035/emcpublish/) . Considering that the data from some monitoring sites were missing for the time period of this simulation episode, 546 monitoring sites (as shown in Fig. 1) were chosen for the model evaluation. the second data set was from the field measurements by Tsinghua University for 3 monitoring sites in the YRD region (as shown in Fig. 2) , which were Shanghai, Nanjing in Jiangsu Province and Ningbo in Zhejiang Province. Table 4 shows the hourly PM 10 concentrations from observations and simulations DUST_OFF, DUST_DEFAULT shows the comparison of the spatial distribution for the PM 10 concentrations. In general, the spatial distribution of the observations was consistent with the simulations, especially near the source region (e.g., 29 and 30 April). We can also see some overestimated cases at downwind regions. The possible reason is that the simulated results are average values for 36 km grid and it is difficult to capture the specific concentration for every point accurately for some time.
In order to test the model performance in terms of the ability to reproduce dust emission better, we compared PM 10 concentrations between observations and predictions at the 3 sites near source region, which were Baotou in In order to evaluate the performance of DUST_REVISED further, we compared the temporal variations of simulated hourly PM 10 and PM 2.5 concentrations with observations in 3 monitoring sites in the YRD region (as shown in Fig. 2) . From 1 to 4 May, a strong dust event occurred in this region and the highest PM 10 concentration could reach more than 1000 µg m −3 . In general, the model could reproduce the temporal trends and high PM 10 concentrations well. The NMBs of PM 10 predictions for Nanjing, Shanghai and Ningbo are −17 %, −35 % and 4 %, respectively, and the correlation coefficients (R) are about 0.65-0.85. Relatively large deviations occur at a few moments (e.g., early 2 May in Nanjing, early 3 May in Shanghai and midday 2 May in Ningbo), which may be the result of poor predictions of wind speed or wind directions at these moments. For example, for early May 3 in Shanghai, the simulated wind direction is 20-40 degrees, but the observed wind direction is 90-180 degrees. On 3 May, dust particles were transported from sea to land and therefore this deviation of wind direction may have lead to the underestimation of PM in Shanghai. For the PM 2.5 concentration, the model could reproduce its variation trend well and the correlation coefficients (R) are about 0.6-0.8. However, the model tends to overestimate the PM 2.5 concentration slightly, with NMBs of 14 %, 28 % and 41 % for Nanjing, Shanghai and Ningbo, respectively. This overestimation may be affected by the splitting between PM 2.5 Atmos. Chem. Phys., 14, 1239-1254, 2014 www and PM 2.5−10 , because we just simply allocate 10 % of dust PM 10 emission to PM 2.5 . Nonetheless, the comparison results demonstrate that the CMAQ5.0 with the revised dust module could capture the PM variation reasonably well.
Evaluation of aerosol optical depth (AOD) predictions
Figure 3 compares the temporal variations of observed daily average AOD column from AERONET (Aerosol Robotic
Network-an international federation of ground-based sun and sky scanning radiometer networks) and predictions from DUST_REVISED at two sites. The Beijing site (116.38 • E, 39.98 • N) is located at the transport path of dust and the Taihu site (120.21 • E, 31.42 • N) is in the YRD region. The comparisons for the sites near the dust source region are not included because the measurement data at these sites are missing during this episode. As shown in Fig. 3 , the simulated AOD agrees well with the observations. The NMBs for the Beijing and Taihu sites are 5.4 % and 17.8 %, respectively. This demonstrates the ability of DUST_REVISED in capturing both the day-to-day variations of aerosols that include dust particles. Figure S4 presents the daily averaged AOD distributions derived from simulation and retrieved from MODIS during the dust event. The comparison shows that the simulated AOD can generally catch the spatial distribution of satellite observations over eastern China.
Results and discussion
Dust emission
The simulation results of DUST_REVISED indicate that about 695 kt dust particles (PM 10 ) were emitted in Xinjiang and Mongolia during 28 to 30 April 2011. Fig. 5 , the predicted total dust emissions based on DUST_DEFAULT were only about 11 kt and underestimated by 98 % compared with that of DUST_REVISED. The default threshold friction velocity for loose, fine-grained soil with low surface roughness (about 0.7) was too high for Asian dust sources.
Analysis of metrological condition for this dust event
As shown in Fig. 6a, b , on 28 April, a cyclone was formed in Mongolia, associated with a cold front in the rear part of the low-pressure system. Strong surface winds (8-14 m s −1 ) occurred in eastern Xinjiang and western Mongolia, generating a dust storm there. On 29 April, the low-pressure cyclone developed further and moved east towards middle-southern Mongolia (as shown in Fig. 6c, d) . The strong horizontal wind flow and the vertical flow caused the uplifting of dusts in this region. These possible locations of dust storms are in accordance with the satellite observations (http://www.temis.nl/airpollution/absaai/absaai-gome2a. php?year=2011&datatype=pics&freq=daily). Due to the influence from the low pressure system, the high pressure associated with cold air arrived in the YRD region on 1 May (as shown in Fig. 6 e, f) . From 1 May, the pressure and wind speed began to increase, and the temperature began to decrease. As shown in Fig. 7 , the pressure in Shanghai increased from 1003.5 mb on 1 May to 1016 mb on 3 May, and the temperature decreased by 5-10 degrees Celsius. When the upper-level trough was leading the approach of cold air from north to south, dust particles also arrived in the YRD and the PM 10 concentration in Shanghai increased from 74 µg m −3 to 800 µg m −3 on 1 May (as shown in Fig. 2) . Controlled by high pressure, the wind became relatively light from midday 3 May, which is adverse to the dispersion of dust particles. The tail of the cold front passed over the YRD region at the end of 4 May. The temperature and wind speed began to increase, the pressure began to decrease. Figure 8 shows the spatiotemporal variation of PM 10 concentration differences between DUST_REVISED and DUST_OFF, which helps to understand the transport of this dust event and the impacts of the dust storm on PM 10 concentrations. The emitted dust particles mixed together and moved on in a southeastern direction. The PM 10 concentrations at the sites near the dust sources, i.e., Lanzhou city in Gansu Province, reached nearly 5000 µg m −3 . On 30 April, the dust began to affect eastern and central China. For example, the PM 10 concentration in Tianjin increased from 50 µg m −3 to 1100 µg m −3 . The dust band arrived in the YRD on 1 May and the PM 10 concentration in Shanghai increased from 50 µg m −3 to 640 µg m −3 (as shown in Fig. 2) . The maximum PM 10 value reached 1000 µg m −3 on 2 May. Another part of the dust band also reached Korea and even Japan, but was blown back to the YRD by the southwestern wind on 3 May. This pathway of dust is similar to a dust storm observed in Shanghai in 2007 (Fu et al., 2011) , which is one of the typical dust pathways that leads to heavily polluted days in the YRD due to dust transport. From 4 May, the impact of dust on the YRD region began to decline. By comparing the simulation results of DUST_REVISED and DUST_OFF, the contribution of the dust emissions to the mean surface layer concentrations of PM 10 in the YRD region reached 78.9 % during 1 to 6 May, with the impacts weakening from north to south due to the deposition of dust particles along the path. This contribution ratio is comparable with the ground measurements taken in Shanghai during a dust storm in 2009, which reached 76.8 % (Huang et al., 2012) . 
Dust transport and its impacts on PM 10 concentration
Deposition of dust aerosols in the YRD region
Dust particles can eventually be removed by both dry and wet depositions. During 1 to 6 May, the dry deposition, wet deposition and total deposition of PM 10 were 184.7 kt, 172.6 kt and 357.32 kt, respectively, of which PM 2.5 depositions accounted for 5.7 %, 36.4 % and 20.5 %, respectively. Figure 9 shows the spatial distribution of dry deposition (DDEP), wet deposition (WDEP), total deposition (TDEP) and the difference (TDEP_DIFF) of total deposition between DUST_REVISED and DUST_OFF situations for PM 10 in domain 3 (covering the YRD region) in these six days.
The dry depositions of PM 10 accounted for 51.7 % of the total. In general, the dry depositions in Jiangsu Province and Shanghai city were larger than that in Zhejiang Province, which was affected by the PM 10 concentration. Dust particles were transported from north to south and the concentration became lower at the end of the transport path. Meanwhile, relatively high values can also be seen at some urban and forest regions. Besides the impacts of PM 10 concentration, the larger associated parameters (e.g., the surface roughness length and leaf-area index) can lead to higher deposition velocity (Kumar et al., 2008; Fan et al., 2009) . As shown in Fig. 9 , wet depositions mainly occurred in the East China Sea, Shanghai, southern Zhejiang Province, etc. Besides the impacts of PM 10 concentration, this distribution was related to the distribution of cloud and precipitation (shown as Fig. S5 ).
Comparison between the results of DUST_REVISED and DUST_OFF shows that the long-range transport of dust particles increased the total deposition of PM 10 in the YRD by 1082 %, of which dry deposition increased by 2398 % and wet deposition increased by 655 %. These deposited particles are very harmful because of their impacts on urban environment as well as on air quality and human health when resuspended in the atmosphere. Additionally, single particle analysis in previous literatures shows that dust particles are usually rich in N Geng et al., 2009) , which can contribute to nitrogen deposition. −10 W m −2 , could be found over the North China Plain and the China Sea. These values are similar to those of a previous study (Han et al., 2012) . The hourly averaged simulation results showed that in Shanghai, the largest perturbations of AOD and irradiance were about 0.8 DU and −130 W m −2 , which could obviously influence the radiation balance in this region.
Impacts on photochemistry
Photolysis rates
Dust particles have important effects on photolysis rates Ying et al., 2011) . Photolysis rates (min −1 ), also called J -values, have been computed for a chemical species w by (Philip, 2000) :
where F (λ) is the actinic flux, σ i (λ) is the absorption cross section, i (λ)is the quantum yield, and λ is the wavelength. σ i (λ) and i (λ) are unique to reactions and species. However, dust can affect the actinic flux through absorption and scattering. An online photolysis module is incorporated in CMAQ 5.0, which allows the calculation of actinic fluxes and photolysis rates for each grid at each time step based on the changes in particle concentrations (Binkowski et al., 2007) . In this study, the impacts of dust on photolysis chemistry through their effects on the actinic flux are analyzed by comparing the results of DUST_REVISED with that of DUST_OFF. due to dust is significant in the early morning of 2 May, nearly −40 %. Besides the impacts of high dust concentration, these significant reductions also indicate the effect of a long aerosol optical path for incoming radiation when the solar zenith angle (SZA) is large in the morning .
Concentrations of O 3 and OH
The photolysis frequencies of J [O 3 (O 1 D)] and J [NO 2 ] play a key role in the formation of O 3 and OH in the troposphere through the following reactions:
The simulation results show that the surface O 3 concentrations reduced about 1.5 %, on average, for domain 1 and the maximum reached 6 ppbv due to the dust storm. Figure 13a shows that the largest perturbations of O 3 occurred in a region that included the China Sea, eastern China and Korea. One major reason is that the air mass with dust remained over this region for two days (2-3 May, as shown in Fig. 8 ) due to the high pressure control. The average decrease of OH was about 3.1 % overall in domain 1, resulting from the reductions in O ( 1 D) generated by ultraviolet photolysis of O 3 . As shown in Fig. 13b , the reduction of OH concentrations is correlated with the spatial distribution of J [NO 2 ] reduction due to the short chemical lifetime of OH. For the YRD region, because of the reduction of local generation and long transport, the O 3 and OH 
Conclusions
In this study, we analyzed a dust event in 2011 with the CMAQ5.0 coupled with an in-line windblown dust model. The threshold friction velocity for loose, fine-grained soil with low surface roughness in the dust model was revised according to Chinese monitoring data. The predictions of the model DUST-REVISED agreed well with the observations. This dust storm broke out in Xinjiang and Mongolia during 28 to 30 April, 2011. Dust particles were transported a long distance and the impacts even spread to the YRD region. On 1 May, the PM 10 concentration in the YRD region began to increase, reaching a maximum 1000 µg m −3 . The large amount of dust particles carrying fungal spores, microorganisms and anthropogenic pollutants during transport posed a serious threat to public health. In such a densely populated region, the human health loss can be quite serious. The dust particles also had significant impacts on the optical/radiative characteristics by absorption and scattering. The visibility decreased to below 3 km during the dust event, which impairs road and air transportation. The hourly averaged simulation results showed that in Shanghai, the largest perturbations of AOD and irradiance were about 0.8 DU and −130 W m −2 , respectively. The decrease of actinic fluxes further impacts the photochemistry in this region. In Shanghai, the negative effects on the NO 2 and O 3 photolysis were −35 % when dust particles arrived. For the YRD region, because of the reduc-tion of local generation and reduction of long-range transport, the O 3 and OH concentrations decreased by 9.4 % and 12.1 %, respectively. Such changes in O 3 and OH levels can further affect the formation of secondary aerosols in the atmosphere by their direct determining effects on the oxidation rates of their precursors. For example, nitrate particles and sulfate particles can decrease due to the lessening in conversion of HNO 3 from NO 2 reaction with OH, and H 2 SO 4 from SO 2 reaction with OH and O 3 .
Research on the dust pollution is an important work and modeling is a useful method. CMAQ is a widely used air quality model and the revision of parameters for the dust emission model is meaningful for an effective CMAQ application. Further studies that include more accurate particle size distributions of dust emissions, heterogeneous reactions on the surface of dust particles, and the interaction between dust particle and meteorological parameters shall be conducted to improve the understanding of dust impacts on air quality. The PM 2.5 / PM 10 ratio for dust emission is a fixed value in the current model. However, in actuality, it may be affected by soil texture, wind speed, and so on. Additionally, the current CMAQ version does not consider some important heterogeneous reactions on the surface of dust particles, such as SO 2 , O 3 , and H 2 O 2 , which might also be an important contributors to the impacts of dust on pollutant concentration. In future studies more heterogeneous reactions shall be coupled into the model. We also did not consider the effects through the feedbacks of dust on meteorology in this study. It will be meaningful to consider these effects by running the two-way coupled WRF-CMAQ modeling system in the future.
Supplementary material related to this article is available online at http://www.atmos-chem-phys.net/14/ 1239/2014/acp-14-1239-2014-supplement.pdf.
